Abstract-A superconducting hot-electron bolometer mixer receiver operating from 1 to 1.26 THz has been developed. This heterodyne receiver employs two solid-state local oscillators each consisting of a Gunn oscillator followed by two stages of varactor frequency multiplication. The measured receiver noise temperature is 1350K at 1.035 THz and 2700K at 1.26 THz. This receiver demonstrates that tunable solid-state local oscillators, supplying only a few micro-watts of output power, can be used in terahertz receiver applications.
I. INTRODUCTION
T HE FAR infrared spectrum above 1 THz represents one of the last regions in the electromagnetic spectrum to be explored. There is a growing interest among engineers, physicists, and, in particular, radio astronomers to explore this spectral range [1] . One of the main challenges is to develop low-noise heterodyne instrumentation. The availability of suitable local oscillator (LO) sources is one of the major obstacles. The most commonly used LO source at terahertz frequencies is the far infrared (FIR) laser. However, FIR lasers are not well suited for field operation because they are usually bulky and require high-voltage supplies. Furthermore they cannot be tuned to give continuous frequency coverage and they offer inadequate amplitude stability for some applications.
With the advent of better diodes and a matured millimeterwave technology, solid-state varactor multipliers are extending into terahertz frequency domain [2] , [3] . Power output of a few microwatts can now be obtained at above 1 THz using a cascade of varactor multipliers pumped by a Gunn oscillator. We report here on the laboratory testing of a superconducting hot-electron bolometer mixer receiver at 1.035 and 1.26 THz, operated by Gunn-varactor multiplier-based LO units. We believe that this is the first successful operation of a THz hotelectron bolometer heterodyne receiver with an all solid-state LO unit. 
II. MIXER AND LOCAL OSCILLATOR UNITS
The heart of our low-noise heterodyne receiver is a superconducting hot-electron bolometer mixer based on a niobium nitride thin-film micro-bridge. The mixer used is a scaled version of other fixed-tuned waveguide mixers developed at the Smithsonian Astrophysical Observatory [4] , [5] . In the current terahertz mixer, the waveguide measures 200 50 m and the mixer chip, fabricated on crystalline quartz, is 90 m wide, 23 m thick, and 1.4 mm long. The mixer element is 2 m wide, 0.2 m long, and about 4 nm thick. It has a critical temperature of 9.2K, a transition width of about 0.5K, and a critical current, measured at 4.2K of 70 A. The normal state resistance of the device is 700 .
The mixer block is equipped with a corrugated feed horn. The mixer assembly, together with a 1.5-GHz IF amplifier and isolator, is installed inside a liquid helium dewar. The terahertz signal beam from outside the dewar passes through and a TPX vacuum window and a pair of Zitex infrared filters before being coupled to the mixer through an off-axis parabolic mirror which acts as a focussing element to ensure a good optical coupling.
Two LO units, one centered at around 1 THz and a second centered at 1.26 THz, are used. Each unit consists of a Gunn oscillator followed by a cross-guide coupler, a variable attenuator, and a cascade of two frequency triplers. 1 In the 1-THz source, the WR-8 Gunn oscillator delivers about 35 mW of power at 115 GHz. Each frequency tripler is equipped with an input and output tuning backshort. Power output at 1.035 THz, estimated to be about 5 W, is radiated through a Potter horn. Using an appropriate Gunn oscillator, this LO unit can be tuned down to 963 GHz, with a power output of about 10 W. The 1.26-THz unit employs a fixed-tuned WR-6 Gunn oscillator at 140 GHz, delivering 30 mW of power. The two triplers are also fixed tuned. The power radiated from the Potter horn has been measured with a Thomas Keating power meter 2 interfacing to an independent lock-in amplifier. By averaging 100 readings at an integration time of 10 s, the power output is found to be 2.4 0.7 W. The Gunn oscillator can be biased tuned over 700 MHz, leading to an output frequency coverage of about 6 GHz. When this Gunn oscillator is replaced by a mechanically tuned oscillator along with a phase shifter, the LO unit can deliver adequate power output from 1.245 and 1.269 THz. 1 Multipliers supplied by Radiometer Physics RPG, Germany. In a previous experiment, we have determined that the LO power required to operate a similar hot-electron bolometer mixer at 810 GHz, is about 1 W [6] . The critical current of the 810-GHz device was 170 A, and its normal state resistance was 135
. Although the LO power scales with the square of the critical current, the Terahzertz mixer has a larger mismatch to its embedding circuitry which is optimized for a mixer element of about 100 normal state resistance.
In addition, optical coupling losses at 810 GHz are lower. We therefore estimate that the required LO power, at the LO port of the MPI, is also about 1 W. With careful optical alignment, both solid-state LO units were found to be able to provide sufficient LO power to drive the mixer beyond the optimum required for achieving maximum receiver sensitivity.
The sensitivity of the receiver was measured with the standard hot/cold load method. The hot load was a microwave absorber at ambient temperature and the cold load was an absorber submerged in liquid nitrogen. The optimum operating point of the mixer was located experimentally by varying the mixer bias voltage and the LO drive. The receiver achieved its highest sensitivity at a bias voltage of 2.2 mV and a bias current of 32 A. The measured -factors were 1.151 at 1.035 THz and 1.079 at 1.26 THz, corresponding to double-side-band receiver noise temperatures of 1350 and 2700K, respectively. In order to verify the reliability of these measurements, we have carefully checked that the mixer operating point remained invariant during the hot/cold load measurement. The conversion loss of the mixer is estimated to be 17 dB at 1.035 THz and 20 dB at 1.26 THz, respectively. The current-voltage characteristics, with and without LO drive, as well as the receiver output powers in response to the hot and cold loads are recorded in Fig. 2 for the measurement at 1.26 THz.
While the receiver sensitivity at 1.035 THz is close to the 1K/GHz range achieved with the best hot-electron bolometer receivers, the performance at 1.26 THz is not so good. This can be attributed in part to higher insertion loss of the MPI. Despite this higher loss, the MPI is still a good choice of LO coupler because it provides us with a reserve of LO power for mixer optimization even with solid-state LO units. We are currently making a number of system modifications and expect a significant reduction in receiver noise as other lower impedance mixers are tested and the MPI is upgraded with finer wire grids. At the time of press, we have measured a -factor of 1.265 at 1.017 THz and a -factor of 1.105 at 1.268 THz, showing that the receiver sensitivity has been improved.
IV. CONCLUSION
We have demonstrated the feasibility of operating low-noise heterodyne receivers at terahertz frequencies using solid-state LO units that provide only a few micro-watts of output power. Optical coupling is found to be of great importance for the efficient use of the limited LO power as well as for high receiver sensitivity. Clearly, the advent of compact, tunable solid-state LO units will contribute to the conquest of one of the last frontiers in the electromagnetic spectrum, the terahertz frequency range.
